Specific classes of interstitial cells exist in visceral organs and have been implicated in several physiological functions including pacemaking and mediators in neurotransmission. In the bladder, Kit + interstitial cells have been reported to exist and have been suggested to be neuromodulators. More recently a second interstitial cell, which is identified using antibodies against platelet-derived growth factor receptor-a (PDGFR-a) has been described in the gastrointestinal (GI) tract and has been implicated in enteric motor neurotransmission. In this study, we examined the distribution of PDGFR-a + cells in the murine urinary bladder and the relation that these cells may have with nerve fibres and smooth muscle cells. Platelet-derived growth factor receptor-a + cells had a spindle shape or stellate morphology and often possessed multiple processes that contacted one another forming a loose network. These cells were distributed throughout the bladder wall, being present in the lamina propria as well as throughout the muscularis of the detrusor. These cells surrounded and were located between smooth muscle bundles and often came into close morphological association with intramural nerve fibres. These data describe a new class of interstitial cells that express a specific receptor within the bladder wall and provide morphological evidence for a possible neuromodulatory role in bladder function.
Introduction
The bladder is a compliant storage vessel that adapts to increasing volume without concomitant increase in pressure as urine enters via the ureters. The mechanisms for adaptive compliance in response to filling are not completely understood, but recent studies suggest a role for stretch-dependent K + channels that tend to maintain a low level of detrusor excitability as volume increases [1] . Upon filling, pressure gradually rises and a threshold is reached at which voiding contractions involving an autonomic reflex are initiated. The bladder is innervated by cholinergic and purinergic motor neurons that regulate the contractions of the detrusor smooth muscle cells. Normal bladder voiding contractions are generally attributed to cholinergic neuromuscular transmission, while purinergic motor neurons are thought to play an increasing role under pathological conditions [2, 3] . Thus, proper voiding responses depend upon a complex interplay between detrusor smooth muscle cells, urothelial cells and sensory and motor neurons [4] .
Evidence has been emerging that additional cell types (interstitial cells) may also contribute to normal bladder function. Cells labelled with vimentin [5] , an intermediate filament protein, have been linked to the interstitial cells of Cajal (ICC) in the GI tract [6] , however, antibodies to the receptor tyrosine kinase, c-Kit, a gold standard for labelling interstitial cells in the gut, have not been as reliable as that in the bladder. Kit immunoreactivity has been demonstrated in mouse urinary bladder [7] , but others have not succeeded in labelling interstitial cells via c-Kit immunohistochemistry [8, 9 ; independent observations by Koh et al. and Sergeant et al.] . A transgenic mouse, engineered to express a bright green fluorescent protein in cells that normally express c-Kit, displayed intensely labelled interstitial cells in the GI tract [10, 11] , but failed to label interstitial cells in the bladder (S. D. Koh and S. M. Ward, unpublished observations). Furthermore, techniques to induce loss of interstitial cells in the gut (e.g. blocking of c-Kit, loss-of-function mutations in key genes in the stem cell factor/c-Kit signalling pathway and pharmacological manipulation of signalling molecules downstream from Kit; [12] [13] [14] ) have either not been tested or have failed to affect bladder function. The relatively faint expression or absence of c-Kit in bladder interstitial cells may explain the insensitivity of the bladder to experimental manipulation of c-Kit signalling.
Rather than being analogous to ICC, bladder interstitial cells may be myofibroblasts (as identified by expression of a-actin in cells of the lamina propria) [15] ; or fibroblast-like cells with a specialized function in the tunica muscularis of the GI tract [16, 17] . Another interstitial cell, which is distinct from the ICC and was originally called interstitial Cajal-like cell (ICLC), but more recently termed telocyte has been described in a variety of tissues including heart, lung, placenta and skeletal muscle [18] [19] [20] [21] [22] . Telocyte was used due to ultrastructural differences that exist between ICLC and ICC [23] , and have been implicated in a variety of physiological processes including angiogenesis and skeletal muscle repair [22] .
Recently, it was shown that a sub-population of interstitial cells in the GI tract express PDGFR-a and can be labelled robustly with antibodies against this receptor in a highly specific manner [17, 24] . Here, we have investigated the distribution of PDGFR-a immunopositive cells in the murine bladder. We found these cells to be widely distributed in the muscularis and lamina propria, many to be positive for vimentin, some closely associated with nerve fibres. Although the function of PDGFR-a + cells in the urinary bladder is unknown, numerous PDGFR-a + cells were present in the bladder wall thought to be niches for myofibroblasts or ICLC. Transgenic mice with PDGFR-a + cells constitutively labelled with enhanced green fluorescent protein (eGFP) were shown to provide a novel means to identify these cells in mixed-cell enzymatic dispersions of bladder tissues so that the phenotype and functions of these cells can be evaluated in future studies with molecular or physiological assays.
Materials and methods

Animal tissue
Three types of mice were used for this study. C57BL/6 (Jackson Laboratory, Bar Harbor, ME, USA) were purchased; smooth muscle myosin heavy chain/Cre/eGFP (smMHC/Cre/eGFP) mice were donated by Dr. Michael Kotlikoff (Cornell University); and Pdgfra tm11(EGFP)Sor /J mice were purchased (Jackson Laboratory). Mice were exposed to isofluorane (Baxter, Deerfield, IL, USA) inhalation immediately followed by cervical dislocation. The abdominal wall was cut open and urinary bladder was exposed and severed at the neck. The protocol for euthanizing mice was approved by the Institutional Animal Care and Use Committee (IACUC) and assures compliance with the United States Department of Agriculture (USDA). For urothelial denudation, urothelium was removed and surface of the muscle was scraped to remove any residual sub-urothelial cells. Tissues were fixed in 3% paraformaldehyde or acetone for 15 min., blocked with 10% normal donkey serum (Sigma-Aldrich, St. Louis, MO, USA) and incubated overnight in primary antibody diluted in 0.5% Triton-X (Sigma-Aldrich) at 4°C. Tissue was then incubated in appropriate Alexa Fluor (Invitrogen, Grand Island, NY, USA) secondary antibody diluted 1:1000 in PBS for 1 hr. For double labelling studies, tissues were reblocked for 1 hr in 10% normal donkey serum (Sigma-Aldrich) and incubated overnight in antibody of choice, diluted in 0.5% Triton-X (Sigma-Aldrich) and incubated in the appropriate Alexa Fluor (Invitrogen) antibody diluted 1:1000 in PBS for 1 hr. Processed tissues were mounted with Aqua mount mounting media (Lerner Laboratories, Pittsburgh, PA, USA) on glass slides and cover slipped and imaged. The primary antibodies used can be found in Table 1 . Primary antibodies were omitted in the procedure for negative controls.
Immunohistochemistry
Cryostat sections
Bladders were fixed in 3% paraformaldehyde or acetone for 15 min., washed in PBS, dehydrated successively in 5%, 10% and 15% sucrose/ PBS solution for 1 hr each, and overnight in 20% solution. Tissues were bisected laterally and frozen in Cryomold (Sakura Finetek, Torrence, CA, USA) containing 1:1 20% sucrose/PBS and Tissue-Tek O.C.T. (Sakura Finetek) and snap frozen in liquid nitrogen-cooled isopentane. Ten micrometre sections were cut on a Leica 3050S cryostat (Leica Microsystems, Wetzlar, Germany) on Vectabond (Vector Laboratories, Burlingame, CA, USA)-coated slides. Tissues were blocked with 10% normal donkey serum for 1 hr and then incubated in with the primary antibody overnight diluted in 0.5% Triton-X at 4°C. Slides were incubated with secondary antibody for 1 hr (1:1000), and mounted with Aqua mount mounting medium (Lerner Laboratories). For double labelling studies, tissues were re-blocked in 10% normal donkey serum and incubated overnight with the primary antibody at 4°C and then with the secondary antibody for 1 hr. Primary antibodies were omitted for the negative control experiments. Specimens were imaged with the Olympus FV1000 (Olympus America Inc., Center Valley, PA, USA) and Carl Zeiss LSM 510 confocal microscope (Carl Zeiss Microimaging, LLC, Thornwood, NY, USA). Images were processed and arranged in Adobe Photoshop CS5 (Adobe Systems Incorporated, San Jose, CA, USA).
Freshly dispersed cells
Pdgfra tm11(EGFP)Sor
/J urinary bladders were obtained and cut open from neck to the dome and pinned out on a Sylgard dish. Urothelium was removed and the muscle layer was scraped to remove any residual sub-urothelial cells. The tissue was incubated at 37°C for 30 min. in Hank's Ca 2+ Free solution (containing 125 mM NaCl, 5.36 mM KCl, 15.5 mM NaHCO 3 , 0.336 mM Na 2 HPO 4 , 0.44 mM K 2 HPO 4 , 10 mM dextrose, 2.9 mM sucrose and 11 mM HEPES), 4 mg/ml of bovine serum albumin (Sigma-Aldrich), 4 mg/ml of trypsin inhibitor II (Sigma-Aldrich) and 2 mg/ml of collagenase type II (Worthington Biochemical, Lakewood, NJ, USA). After three to five washes with Hank's solution to remove residual enzyme, the tissue was triturated through blunt pipettes. Cells were then put on to microscope slides, cover slipped and imaged on a Carl Zeiss LSM 510 microscope. Images were then processed and arranged in Adobe Photoshop CS5.
Results
Antibodies against PDGFR-a label cells known as 'fibroblast-like' in the GI tract [17, 24, 25] , and physiological functions, such as mediating inhibitory purinergic neurotransmission, have recently been ascribed to these cells [17] . The distribution of PDGFR-a immunopositive cells (PDGFR-a + ) was examined via immunohistochemistry cryostat sections and in whole mounts of murine bladder muscles using confocal microscopy. Platelet-derived growth factor receptor-a + cells were widely distributed and possessed spindle-and stellate-shaped morphologies. These cells were often observed as an interconnecting network with multiple cell processes branching towards and making apparent contact with neighbouring cells (Fig. 1A and B) . Labelling of muscles from smMHC/Cre/eGFP mice (in which smooth muscle cells express eGFP) with antibodies against PDGFR-a showed that these cells lie along the borders of smooth muscle bundles within the detrusor muscle ( Fig. 2A) . Platelet-derived growth factor receptor-a + cells were also found between individual smooth muscle cells in smaller bundles of smooth muscle (Fig. 2B) . A dense population of PDGFR-a + cells was also found within the lamina propria of the bladder with the cellular network closely packed in the sub-urothelium region (Fig. 2C) . Whole mount preparation on smMHC/Cre/ eGFP labelled with PDGFR-a further displayed the location of PDGFR-a + in between smooth muscle bundles (Fig. 2D ). Plateletderived growth factor receptor-a expression was not resolved within the urothelium per se. Vimentin, an intermediate filament marker, has been used to label cells thought to be Kit + interstitial cells in the urinary bladder [26] [27] [28] . Thus, we performed double labelling immunohistochemistry to examine whether vimentin and PDGFR-a were co-localized in the same population of cells. Many of the PDGFR-a + cells in both the lamina propria as well as the detrusor muscle were co-labelled with vimentin antibodies (Fig. 3A) , however, a few vimentin + cells were not labelled with PDGFR-a + ( Fig. 3B and D) . Whole mount immunohistochemistry revealed that vimentin and PDGFR-a were co-localized within the same cell (Fig. 3C and D) . In the detrusor, 100% of the PDGFR-a + cells were co-labelled with vimentin, however, PDGFR-a was not resolved in 18% of vimentin + cells. Stellate c-Kit + cells, running along the periphery of smooth muscle bundles, have been reported in the bladder of guinea pig [26] , and this appears to be in a similar anatomical location as PDGFR-a + cells. We attempted double labelling of PDGFR-a + cells and c-Kit + cells to determine whether the cells expressing c-Kit are PDGFR-a + cells. These proteins are expressed by distinct populations of cells in the GI tract [17, 24, 25] . We were unable to resolve Kit immunoreactivity in the murine bladder using multiple attempts and five antibodies (Fig. 4A) . As a positive control, we also processed tunica muscularis of the murine colon using the same protocols as studies on bladder. Robust Kit immunoreactivity was observed routinely in ICC in the colon (Fig. 4B) . These data suggest that the antibodies and techniques used in the present study were suitable for detection of c-Kit immunoreactivity, but as we could not confirm c-Kit immunoreactivity, we cannot make a conclusion about whether PDGFR-a + cells are the same population of cells described previously [4] .
A B
Platelet-derived growth factor receptor-a + cells in the GI tract are closely associated with enteric nerve fibres [17, 24, 25] and possess receptors that respond to purines. We investigated whether similar anatomical association occurs between PDGFR-a + cells and terminals of autonomic neurons in bladder muscles. Double labelling experiments were performed using PDGFR-a + antibodies and the pan neuronal marker, protein gene product 9.5 (PGP9.5) to determine the proximity of neurons to PDGFR-a + cells. A second series of experiments were performed using antibodies raised against vesicular acetylcholine transporter (vAChT) and PDGFR-a to specifically examine the anatomical location of PDGFR-a + cells and cholinergic neurons.
Neural processes (PGP9.5 + ) were found in close proximity to some PDGFR-a + cells (Fig. 5A and B) . However, the majority of PDGFR-a + cells as shown in cross-sectional preparations did not appear to be closely associated with neurons (Fig. 5C) . The PDGFRa + cells that made close contacts were usually those surrounding large nerve trunks (Fig. 5D-F ). There were occasional close associations between PDGFR-a + cells and vAChT + processes ( Fig. 6A and B ), but most vAChT + varicose processes were not closely associated with these cells. These data suggest that PDGFR-a + cells may be innervated by cholinergic neurons and contribute to cholinergic regulation, but much of the input in bladder appears to be via cells, other than PDGFR-a + cells, most likely direct innervation of bladder smooth muscle cells as suggested previously by electron microscopy [29] .
A mouse engineered to express a histone 2B-eGFP fusion protein [30] in the nuclei of cells that express PDGFR-a, was used to validate the specificity of antibodies used in this study and to provide a new tool for identification of these cells in enzymatically dispersed cell preparations. Immunohistochemistry using antibodies against PDGFR-a in bladders of mice that express the histone 2B-eGFP fusion protein demonstrated the specific cellular co-localization of histone 2B-eGFP fusion protein in PDGFR-a + cells (Fig. 7A-D) . Enzymatic dispersions of bladder detrusor muscle resulted in a mixed population of cells but many containing eGFP could easily be distinguished. The morphology of the cells with eGFP was neither spindle nor stellate shaped, as in situ, but ovoid in appearance (Fig. 8A-C) . This change in morphology suggests that cell processes were retracted during the dispersion process. eGFP + was localized to the nucleus of the dispersed cells, Fig. 4 Lack of Kit immunoreactivity in the bladder detrusor. (A) The absence of Kit immunoreactivity within the muscularis of the urinary bladder. Only minimal autofluorescense was observed with the muscularis. (B) As a positive control, a whole mount preparation in the mouse colon revealing Kit immunoreactivity using the same antibody as in (A). These tissues were processed at the same time in an identical manner. Images were also collected using similar laser and detector settings. Scale bars are indicated in each panel. (Fig. 8D-F) .
Discussion
In this study, we have shown that antibodies against PDGFR-a provide robust labelling of a specific class of interstitial cell in both the sub-urothelium and in detrusor muscle bundles in the urinary bladder. Platelet-derived growth factor receptor-a + cells were distributed as a densely packed network in the lamina propria, and these cells were also distributed throughout the detrusor muscularis, being located within and around the periphery of smooth muscle bundles. In previous reports, vimentin has been used as an immunolabel to identify ICC in the urinary bladder, where some populations of Kit + cells have been reported to express vimentin [26, 28] . Vimentin is an intermediate filament [31] and cannot be considered specific for ICC. A significant percentage of PDGFR-a + cells were co-labelled with antibodies for vimentin. The observation that some vimentin + cells were also PDGFR-a + suggests that caution must be taken in studies in which vimentin labelling has been used to characterize the distribution or loss of Kit + interstitial cells in the bladder. We also verified that mice with a histone 2B-eGFP fusion protein engineered to express this reporter in cells with PDGFR-a are a powerful new tool for identifying this class of interstitial cell in situ or in mixed cell dispersions. The latter approach will facilitate more extensive studies of phenotype and physiology of PDGFR-a + cells in the bladder. We also characterized the proximity of nerve terminals to PDGFR-a + cells. There were close associations between nerve terminals and PDGFR-a + cells, however, there were also many varicose neural processes that did not appear to be associated with PDGFR-a + cells. Thus, it is possible that PDGFR-a + cells may receive input from autonomic nerves and contribute to tissue responses to nerve stimulation, but direct [29] , is likely to mediate neural control of bladder contraction.
The existence of specific classes of interstitial cells within the bladder wall has received considerable attention in recent years. The immunohistochemical demonstration that a population of Kit + interstitial cells existed in the urinary bladder raised the possibility that these cells may play functional roles analogous to the GI tract [14, 32, 33] , that is, (i) pacemakers and (ii) mediators of neurotransmission in regulation of motor function. However, to date there is no clear demonstration of the functional role of these presumed ICC in the bladder [26, 27, 34] . W/W v (c-Kit mutants) mice, with reduced receptor tyrosine kinase function and greatly reduced numbers of ICC, have been used to demonstrate the importance of ICC in the GI tract [14, 35] . However, physiological studies did not find any significant differences between urinary bladders of W/W v and wild-type mice [7] . In this study, we failed to demonstrate immunohistochemical labelling of Kit + interstitial cells in the bladder (independent observations by Koh et al. and Sergeant et al.) and several others studies have reported poor success in replicating immunohistochemical labelling of c-Kit in the murine bladder [9, 28] . In human bladder, CD117/cKit + cells have been shown to be immunoreactive for mast cell tryptase and very few tryptase À , CD117/cKit + cells were found. In the same study, another population of interstitial cells that were CD34 + was also described.
These cells were located around muscle fascicles with bipolar and stellate morphology but appeared to have no relation to c-Kit + cells [36] . If Kit + interstitial cells exist in the urinary bladder, there is no strong indication that they have functions similar to this class of cells in the GI tract. Microelectrode experiments performed simultaneously with Ca 2+ imaging of Fluo-4-loaded guinea pig bladders concluded that there was no evidence that pacemaker activity is generated by ICC [37] . Gleevec, a Kit tyrosine kinase inhibitor, was reported to inhibit spontaneous and evoked contractions in the detrusor of the urinary bladder [38] . Gleevec has also been shown to reduce spontaneous rise in pressure in whole bladder experiments as well as abolish action potentials in bladder smooth muscle [39] . However, there is no clear evidence that Gleevec worked exclusively on ICC-type cells. Gleevec is also an inhibitor of PDGFR-a and -b subtypes [40] , for example, and therefore the cells we described in this study could possibly have mediated the effects of this compound. The rapid actions of this drug, however, suggest non-specific effects, possibly on L-type calcium channels of smooth muscle cells, as has been reported in the gastric antrum [41] . Further studies are needed to determine whether there are also effects of Gleevec on PDGFR-a + cells in the bladder. More recently, Gleevec has been shown to inhibit spontaneous contractions in human non-pregnant myometrium but the site of action of this compound remains to be determined [42] . Others have hypothesized that ICC could play a role in neuromodulation of smooth muscle activity in the urinary bladder [34] . This hypothesis was based primarily on morphological studies that found close proximity between nerve fibres and ICC and cells with morphological features consistent with ICC responded to exogenous application of muscarinic agonists by generating Ca 2+ waves [34] . However, to date there is no direct functional data supporting a role for ICC in neuromodulation of bladder contractility. For example, if electrically evoked neural responses were observed in Kit + ICC, this would be direct evidence for a possible role of ICC in neuromodulation of bladder activity. Here, we found that PDGFR-a + cells also form close anatomical associations with intramural nerve fibres in the bladder. These cells may therefore be innervated and contribute to post-junctional responses to neural inputs. In the GI tract, PDGFR-a + cells are closely aligned with enteric nerve terminals [25] , possess P2Y1 receptors and apaminsensitive small-conductance Ca 2+ -activated K + channels (SK3 channels) and respond to purine transmitter candidates b-NAD and ATP [17] . Thus, it is possible that a signalling pathway, linked to contraction rather than relaxation, could exist in the urinary bladder. For example, in the bladder of guinea pig, exogenous ATP generates intracellular Ca 2+ transients via binding of P2Y receptors and this activates Ca
2+
-activated Cl À current in cells identified as myofibroblasts in the lamina propria [43] . It should also be noted that the myofibroblasts that responded to ATP in the bladder of guinea pig were vimentin and P2Y6 immunopositive, suggesting that some of the PDGFR-a + cells may respond to purinergic stimulation [36] . Unfortunately, we have failed to demonstrate reliable labelling with antibodies against P2YR or P2XR. Molecular studies using cells that can be isolated using the model with constitutive expression of eGFP in PDGFR-a + cells will allow more careful phenotyping of these cells and the ability to assess their responses to neurotransmitters.
In conclusion, this is the first report to describe the presence and distribution of PDGFR-a + cells that form a discrete network in the mouse urinary bladder. We believe that this immunolabel and the transgenic mouse model we characterized will provide powerful new tools to investigate the role of this class of interstitial cells in normal bladder function and in pathophysiological models.
